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ABSTRACT
24303

Observations of the tempéral variations of electron
(E > 1.6 MeV) intensities near the geomagnetic equator in the
outer radiation zone with Explorer XIV (2 October 1962 to
8 August 1963) strongly suggest that replenishment of energetiec
electrons in the outer radiation zone during the ceveral weeks
following s period of geomagnetic activity proceeds by an
inward radial motion of energetic electrons from L > 5.
The apparent, inward radial velocity of the "wave" of
electrons (E > 1.6 MeV) is ~ O.4 earth radius (rla.y)'l at
L = 4.7 and ~ 0.03 earth radius (dza.y)"l at L = 3.4 and varies
as ~ L§ between these L-shells. These inward radial velocities
for the several replenishment cycles of outer zone electrons
(E > 1.6 MeV) observed with Explorer XIV at a given Leshell
are equal to within experimental errors. These measurements
provide evidence for & continually active mechanism for diffusing

energetic electrons across L-shells in the outer radiation zone.
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I. INTRODUCTION

The existence of a belt of energetic electrons
(E ~ 1 MeV) encircling the earth and centered at ~ 25,000 km
geocentric radial distance in the geomagnetic equatorial
plane (i.e., the outer radiation zone) was demonstrated by
in situ measurements with some of the earliest earth satellites
and space probes [cf. Van Allen, Ludwig, Ray, and MeIlwain,
1958; Van Allen and Frank, 1959 a, bl. Since measurenmﬁts of
energetic electrons in the interplanetary medium beyond the
earth's magnetosphere and of energetic electrons precipitated
into the earth's upper atmosphere reveal that the inter-
planetary intensities are insufficient for maintaining the
outer zone intensities, a "local” (i.e., within or in the
immediate vicinity of the earth's megnetosphere) acceleration
mechanism driven with the energy of the solar wind is
generally invoked in order to account for the energetic
electrons of the outer radiation zone. The morphology of outer
zone electron intensities has been studied by means of a variety
of Geiger-Mueller tubes and scintillators on several earth
satellites [cf. Forbush et al., 1962; McIlwain, 1963; Frank
et al., 1964; Freeman, 1964]. Briefly, the temporal variations

of these electron intensities during and followirg a period of




geomagnetic activity are characterized by (a) an immediate
enhancement of ~ 4O keV electron intensities beyond I ~ 3.5
and (b) a severe decrease of ~ 1 MeV electron intensities at
the onset of the geomagnetic activity, (c) subsequent decay of
electron E ~ 40 keV intensities after the initial increase of
intensities, (d) an increase of electron E ~ 1 MeV intensities
within a few days after the onset of the geomegnetic activity
at L ~ 5 and an increasing time delay ( ~ three weeks at

L~ 3;5) for the enhancement of intensities with decreasing
I-value, and (e) an orderly decay of electron (E ~ 1 MeV) in-
tensities after the enhancement of intensities at a given
L-shell. Detailed inspection of Explorer XIV data [Frank et al.,
1964] revealed that the temporal variations of the radial
profile of electron (E > 1.6 MeV) intensities near the geo-
magnetic equatorial plane were characterized by an inward
radial motion of the inner boundary of the intensity peak
persisting for periods of at least several weeks and an
apparent radial velocity ~ 0.02 earth radius (day)"l follow-
ing a magnetic storm. This apparent radial motion strongly
indicates that inwsrd diffusion of energetic electrons across
L-shells from L > 5 is & source of encrgetic outer zone

electrons. The following investigation extends the above



preliminary enalysis of the aspparent radial diffusion of

energetic electrons (E > 1.6 MeV) observed by Explorer XIV.



II. DESCRIPTION OF THE EXPERIMENTAL APPARATUS

The S.U.I. detector array in Explorer XIV (launch,
2 October 1962; epogee altitude, 98,533 km; perigee altitude,
281 km; orbital inclination, 33°) included three collimated
Anton type 213 thin-windowed Geiger-Mueller tubes with differing
particle energy thresholds and an omnidirectional, shielded
Anton type 302 Geiger-Mueller tube. (i‘Br a detailed descrip-
tion of these detectors, see Frank, Van Allen, and Hills
[1964].) OFf particular interest in the present investigation
is the response of the familier 302 G.M. tube (shielding of
265 mg (cm)'2 magnesium and 400 mg (c:m)"2 stainless steel)
to penetrating energetic electrons (E > 1.6 MeV) in the
outer radiation zone from L ~ 3 to L ~ 5. The response of
the shielded 302 G.M. tube has been shown to be that due to
penetrating electrons (E > 1.6 MeV) over this L-sghell range
by demonstrating that the response due to penetrating protons
E > 23 MeV [McIlwain, 1963] and due to nonpenetrating electron
bremsstrahlung [ Frank, 1962; Frank et al., 1964] is negligible
in comparison tq the penetrating electron response. The omni-
directional geometric factor (eG) of the 302 G.M. tube for
counting electrons (£ > 1.6 MeV }is 0.1 (+ 0.05) en® for typical

outer radiation zone spectrums; the present study is concerned



with the comparison of the L-shell profiles of the relative
responses of this detector for sequences of consecutive passes
of the satellite through the outer radiation zone. The
response of the 302 G.M. tube is sampled for 10.24 seconds
every 76.8 seconds and the corresponding sample density is

~ 1 sample per 300 km geocentric radial distance along the
portions of the Explorer XIV trajectory of interest in the

preéent investigation.



ITI. OBSERVATIONS

An example of apparent, radially inward motion of
energetic eleci;rons (E > 1.6 MaV) as observed by Explorer XIV
has been given by Frank, Van Allen, and Hills [1964] and is
presently reviewed in Figures 1 and 2. Figure 1 displays the
omnidirectional intensity profiles of electrons (E > 1.6 MeV)
as a function of L for three similar passes (in magnetic
latitude) through the outer radiation zone preceding a period
of geomagnetic activity beginning on 17 December 1962. An
orderly decline of intengities over the entire Leshell
range displayed here is evident and the absence of the "slot"
or minimum of intensities at L ~ 3 is due to artificially
injected electrons fram the Soviet high-altitude nuclear
explosions in late October and early November 1962. Continuing
these L-shell intensity profiles after the pericd of geomagnetic
activity, Figure 2 clearly shows the systematic movement of the
inner edge of the intensity profile from L ~ 3.8 to L ~ 3.3
and & slow decay of peak intensities over a period of ~ 20 days,
and & return of the intensities observed at L > 4.7 to pre-
storm values by 8 Januasry 1963. It is essential to the above
observa{:ion of this slow radial movement of energetic electrons

that the period of gecmagnetic activity be followed by a period



of several weeks characterized by relative magnetic quiescence
insofar as compounded cycles cannot be easily separated in an
observational sense. For example, the Kp daily sums X Kp

for the period discussed above were > 30 for 17-20 December
and < 15 over the period 23 December 1962 to 8 January 1963
with the exceptions of Z Kp = 23 and 18 on 26 and 31 December
respectively (see Frank et al. [1964]). The apparent inward
radial velocity of the inner edge of the outer radiation zone
in the example given above is ~ 3 x 10°2 earth radius (day) ™t
at L ~ 3.b.

The long operational lifetime of Explorer XIV provided
several observations of the chain of events discussed abovee.
Another example of the replenishment of energetic electron
(E > 1.6 MeV) intensities is shown in Figure 3 for the period
-2 March 1963 when the satellite passed through the outer
radiation zone along a trajectory of similar B and L every
three days. The intensity profiles of Figure 3 are displayed
as a function of radiel distance from the center of earth and
the variations of magnetic latitude for this series of profiles
are indicated by a sample geomagnetic latitude given at
30,000 km for each profile. The salient features of the

temporal variations of the profiles displayed in Figure 3 are
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the characteristic sparsity of electrons during the storm
period on 9 March 1963 s the subsequent increase of electron
(E > 1.6 MeV) intensities in the outer radiation zone until

~ 15 March with a peak intensity at a radial distance of

~ 25,000 km during a period of geomagretic activity, and
subsequent decay of intensities beyond ~ 25,000 km with an
apparent motion of the peak of intensities inward to ~ 20,000 km
by 24 March. This set of chronological intensity profiles
suggests that the electron (E > 1.6 MeV) intensities are
rapidly enhanced during the several days following the initial
decrease in intensities at the onset of geomagnetic activity
for I > 5 and proceed to lower I~shells by radial diffusion.
Since the rate of radiel diffusion is a strong function of L,
increasing rapidly with increasing L, the initial enhancement
for L > 5 shown in Figure 3 can occur by diffusion of electrons
from the vicinity of the magretopause but is beyond the
temporal resolution of the Explorer XIV orbit. Further, since
the instrument is sensitive to only electrons (E>1.6 MeV)
and, if the first adiabatic invariant m is conserved in this
diffusion process, then the electrons which radially drift
into the outer radiation zone to L ~ 4 with E ~ 1.6 MeV
(detector threshold for penetrating electrons) have

energies N 150 keV at I =10 and hence are well below the



302 G.M. tube penetrating-electron energy threshold. The above
two factors limit the L-shell range over which we can determine
the rates of inward radial diffusion of these electrons.

The third and final example of replenishment of electrons
(E > 1.6 MeV) in the outer radiation zone is shown in Figure b;
the relative intensity contours preceding the period of geo-
megnetic activity beginning 30 April displayed an orderly decline
over the L-ghells 3.2 to 4.6 with a more rapid decay with in-
creasing L. During the storm period a typical rapid decrease
was detected on the 1 April Explorer XIV pass through the outer
zone on all IL-shells presented here with somewhat smaller
decreases on the lower L-shells. Following the decrease the
intensities of electrons (E > 1.6 MeV) were enhanced with
increasing time delay and decreasing amplitude for decreasing
values of L. The observation of no significant increase of
intensities at L = 3.2 may be a manifestation of the inability
of the present experimental apparatus to discern a small
inerease of intensities on this L-shell above the intensities
of artificially injected electrons frcm the Soviet high~altitude
explosions (see Figure 2) although the absolute intensities at
L = 3.2 and 3.4 do not differ by more than 30% and the
intensities at I = 3.4 increased by a factor of ~ 5. The

time history of the decay of artificially injected electrons



in the "slot" at L ~ 3 (Pigures 1, 2, and 4) indicates that
loss mechanisms in this region are not more effective than in
the outer radiation zone [cf. Van Allen, 1964] and indicates
that perhaps the presence of the "slot" is not primarily a
manifestation of a loss mechanism which is more effective along
these IL-shells but mey be attributed to a weasker source. The
temporal intensity profiles of Figures 2 and 4 allow a rough
determination of the velocities of inward radial diffusion as

a function of L in the outer radiation zone. These velocities
have been estimated by calculating the apparent inward radial
velocity of the logarithmic half-maximm of the inner side of
the "wave" of energetic electrons. The results of this calcula~-
tion for the two electron (E > 1.5 MeV) replenishment cycles of
December 1962--January 1963 and April-May 1963 are shown in
Figure 5. At L = 4.7 the spparent rate of inward diffusion of
electrons (E > 1.6 MeV) is ~ O.4 earth radius (day)'l and at

L = 3.1 i8 ~ 0.03 earth radius (da,y)":L and the dependence of
this rate of diffusion upon L is ~ L8. The inward radial
velocities for the two replenishment cycles are equal at a
given Leshell within the experimental errors of the present
experiment. The anomalously low point at L = 3.2 may be a
manifestation of the instrument's inability to detect a change

in intensity on this L-shell over the background of artificially



injected electrans. A coarse upper limit of ~ 0.003 earth
radius (day)™" at L = 2.1 has been cbtained from Explorer IV
meagurements [Van Allen, McIlwain, and Ludwig, 1959; McIlwain,
1961] of artificially injected electrons produced by the
Argus tests during 1958. It is of interest to note that if
the present result is extrapolated to higher L-shells and
assuming that this apparent inward radial velocity is not a
strong function of electron energy, diffusion of electrons from
L ~ 10 (near the magnetopause) to L ~ 5 would take place in a
period of ~ 1 day, & result vwhich is completely satisfactory
with regard to the temporal resolution of the Explorer XIV
orbit for successive outer radiation zone passes (orbital

period of satellite: 36.4 hours).
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IV. DISCUSSION

The present study of the temporal variations of
electron (E > 1.6 MeV) intensities in the outer radiation zone
during several replenishment cycles following periods of geo=-
magnetic activity strongly implies that inward racdial diffusion
of electrons from the vicinity of the magnetospheric boundary
is the primary source of the energetic electrons in the outer
radiation zone L ~ 3.0. The inward radial velocity of the "wave"
of electrons (E > 1.6 MeV) is ~ 0.4 earth radius (day)'l at
L = 4,7 and ~ 0.03 earth radius (d:sv.y)'l at L = 3.4 and varies
as ~ L8 between these L-shells. The onset of period of geo-
magnetic activity (roughly, ¥ Kp 2 30) is followed within
approximately 1 or 2 days by the appearance of large increases in
the intensities of electrons (E > 1.6 MeV) in the outer radiation
zone beyend L ~ 5 and the subsequent inward motion of this
"wave" of electrons over a period of weeks following the
geomagnetic storm period. The mechanism responsible for this
diffusion of energetic electrons across L-shells is active
during periods of relative magnetic quiescence and the radial
diffusion velocities (see Figure 5) are equal to within experi-
mental uncertainties for each replenishment cycle of the outer

radiation zone during this period of observations. From
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extrapolation of the present result and assuming that the rate
of diffusion is not a strong function of electron energy, it
is estimated that approximately 1 or 2 days are required for
an electron to diffuse inward from the vicinity of the
magnetospheric boundary to L ~ 5 in agreement with the observa-
tions of the temporal variations of electron (E > 1.6 MeV)
intensities reported here. Hence it appearc that the increases
of electrons (E! > 1.6 Me) intensities in the outer radiation
zone reflect, with the appropriate time delay, increases of
energetic electron intensities in the vicinity of the magneto-
pause during periods of geomagnetic activity as indicated by
3. Xp and hence are positively correlated with the solar wind
velocity [Snyder, Neugebauer, and Rao, 1963]. If the first
adiebatic invariant p is conserved as an electron moves by
radial diffusion from I ~ 10 to L ~ 4, then a 150 keV electron
at the magnetopause will acquire 2 1.5 MeV upon arrival at
L ~ 4. Hence from the above interpretation in order to aceount
for the increases of electron (E > 1.6 MeV) intensities in the
outer radiation zone an increase of electron (E ~ 150 keV)
intensities in the transition region or just within the
magnetopause must be positively correlated with an increased
solar wind velocity. The existence of large intensities

( ~ 10° to 108 en? (sec)™) of electrons E > 40 keV inside
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the magnetopause is well lmown [cf. Freeman, 1964; Frank,

1965]; and recent measurements [Fan et al., 1964; Frank and

Van Allen, 1964; Anderson and Harris, 1965] have shown that
'spikes' of intensities of electrons in this energy range are
frequent in the transition region and are positively correlated
with 3~hour Kp values [cf. Frank and Van Allen, 1964k]. Parker
[1960] and Herlofson [1960] have suggested that diffusion is

an important source of energetic electrons in the outer radiation
zone; and recent celculations by Hess et al. [1964], Mead and
Nakada [1964], and Nakada et al. [1964] assuming that charged
particle trans-L diffusion proceeds with conservation of the
first two adiabatic invariants of motion show that the diffusion
times (i.e., the time required for a charged particle to move
from L = 6, for example, to a lower L-shell) would vary as L'8
in agreement with the present coarse experimental result.
MeTlwain [1965] has recently reported an inward radial movement
of a secondary peak of proton (40 < E < 110 MeV) intensities

at L ~ 2.2 by 0.15 RE over a period of two years or

~2x 10'1‘ earth radius (dza.y)":L which is only a factor of

~ 5 less than that given by extrapolation of the present

result for electrons (E > 1.6 MeV) to L = 2.2. This comparison
of results may indicate that the mechanism responsible for

radial diffusion of charged particles is not strongly dependent
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upon particle mass. It will be of interest to cormpare the
present results obtained near solar minimum with observations
during a different portion of the solar cycle by Explorers VI
and VII which were also equipped with shielded 302 G.M. tubes.
Further experiments with increased sensitivity over a larger
energy range, and for longer periods of observation are
necessary in order to further investigate diffusion mechanisms

as sources of energetic electrons in the outer radiation zone.
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FIGURE CAPTIONS

1. Measurements of electron (E > 1.6 MeV) intensities
in the outer radiation zone ()».m < 30°) as a function
of LI for several passes of Explorer XIV preceding and
during the onset of geomagnetic activity on 17 December
1962 (after Frank, Van Allen, and Hills, 196k).

2. A continuation of Figure 1 during the geomagnetically
quiescent period after 22 December which Zdisplays the
systematic inward motion of the inner side of the peak

of electron (E > 1.6 MeV) intensities (after Frank,

Van Allen, and Hills, 196k4).

3. A selected set of radial profiles of the omnidirectional
intensities of electrons (E > 1.6 MeV) for several
similar Explorer XIV passes through the outer radiation

zZone.

4. Relative omnidirectional intensity contours of
electrons (E > 1.6 MeV) as a function of time for
various L-shells preceding and after the onset of
gecmagnetic activity on 3C April 1963 which display
the initial sudden decrease followed by an orderly
replenighment of electron intensities.

5. Velocity of inward radial motion of the inner edge
of the outer radiation zone peak of electron

(E > 1.6 MeV) intensities as a function of L. A
straight line has been drawn through the date pointse.
If these date are fitted with a power law xL"

then n = 8 (+ 1) (see text).
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EQUATORIAL INTENSITIES OF ELECTRONS, E = 1.6 MeV
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RADIAL PROFILES OF THE OMNIDIRECTIONAL
INTENSITIES OF ELECTRONS (E*.6MeV)
FOR SEVERAL SIMILAR TRAJECTORIES
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INTENSITY

TEMPORAL VARIATIONS OF THE INTENSITIES OF ELECTRONS (E>16 MeV)
FOR SELECTED L-SHELLS IN THE OUTER RADIATION ZONE
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